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ScienceDirectMany proteins require help from metal cofactors to function
properly. Due to the involvement of metal binding, folding of
these metalloproteins can be much more complicated. In
recent years, several computational methods have been
developed to reveal the essential features of metal-coupled
protein folding, ranging from quantum mechanics (QM) to
atomistic and coarse-grained (CG) simulations. These
theoretical tools have achieved great successes in solving the
multiscale difficulties arising from metal binding, and provided
new insights into the mechanisms of metalloprotein folding. In
this review, we first discuss the interaction features of metal-
coordination and then introduce several computational models
and their applications in metal-coupled folding. Finally we
discuss the effects of metal-binding on the protein energy
landscape, which is followed by some perspectives.
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Introduction
Inorganic cofactors are indispensable participants of life
processes in molecular level and take on vital roles in the
biological world build up with organic biomolecules, for
example, proteins, nucleic acids, lipids, etc. It has been
found that more than 30% of the proteins require the help
of cofactors for their proper functioning [1,2]. Multivalent
metal ions, for example, zinc, calcium, iron, copper, nickel,
magnesium, etc., are typical cofactors. Life systems have
evolved to take advantage of these metal ions to perform a
number of key functions, such as electron transfer, oxygen
storage, catalysis, and structure modulations.
Although the eventual roles of these metal ions in bio-
logical systems can be very diverse, modulating protein
stability and/or folding is the common effect of metalwww.sciencedirect.com binding. Consequently, questions of how these metal ions
bind to proteins and how the binding couples with protein
folding and conformational motions have become the
central topics of many discussions. In particular, people
are curious about whether the new folding features arising
from metal binding conform to the same principle gov-
erning the folding of metal-less proteins [3]. Answers to
these questions are not only fundamental to understand
the general principle of protein folding but also helpful
for developing better strategies to design new metallo-
proteins with certain functions, which holds great promise
for treating related diseases [2–8].
Previous investigations into metalloprotein folding have
been mostly experimental. Representative examples in-
clude, but are not limited to, the folding of myoglobin/
hemoglobin, cytochrome c, blue copper proteins, iron–
sulfur proteins, calcium binding proteins, and zinc fingers
[5–14,15,16]. These experimental studies contributed
significantly to our knowledge of the thermodynamics
and kinetics of metalloprotein folding and are well docu-
mented in several reviews [5–9]. In comparison, the
computational works on metalloprotein folding are very
rare, mostly due to the difficulties in realistically modelling
the key interactions involving metal ions. Presently, there
are just a few computational studies focusing on the metal-
coupled protein folding [17,18–22]. However, these com-
putational studies have already begun to provide new
insights into the metal-coupled protein folding mechan-
isms. In this review, we will discuss these progresses.
Key features of interactions arising from metal
binding
Metal induced protonation/deprotonation
Typical metal ligands include thiolates of cysteines,
imidazoles of histidines, carboxylates of glutamic and
aspartic acids, backbone groups, and water molecules.
Many of these ligands are titratable and are therefore
sensitive to acid/base environment. Consequently, metal
binding is often accompanied with proton release [12].
Such metal binding induced deprotonation contributes
significantly to the folding thermodynamics and, in some
cases, can be a key driving force for successful folding
[12,22]. Accordingly, interactions and folding mechanism
involving metal ions are easier to regulate via pH [19,23],
adding complexity to the modelling of metalloprotein
folding [19].
Charge transfer and induced polarization
Metal ions are good electron acceptors and therefore can
accept negative charge from the ligands. The extent of
charge transfer can affect the strength of coordinationCurrent Opinion in Structural Biology 2015, 30:25–31
26 Folding and bindingbonds and modulate the coordination geometry and metal
selectivity [24]. Besides, the highly charged metal ions
often lead to polarization of the surrounding protein
groups, which not only contributes to the metal binding
but also modulates the global electrostatic interactions
and residue contact networks. Particularly, for the groups
with delocalized electrons, such as the imidazole ring of
histidine, the polarization induced by metal binding can
be crucial for the binding affinity. It is essential to include
the effects of polarization and charge transfer in order to
accurately model the metal coordination, which is actually
the focus of several studies on building theoretical models
of metalloproteins [24–28,29].
Multiscale coupling
The multivalent metal ions often bind to proteins with
specific coordination geometries, which are largely deter-
mined by their electron structures. Although the metal
binding sites are local in three-dimensional space, the
metal ligands can cover a wide range of sequence. Con-
sequently, the local interactions of metal binding may
result in global changes of protein structure and
dynamics, demonstrating multiscale coupling. Addition-
ally, the timescales of the metal-induced protonation/
deprotonation, charge transfer, and polarization are much
shorter than those of large-scale conformational motions
of polypeptide chain. Such multiscale coupling has been
exploited by many metalloproteins to accomplish signal
transduction and other biological functions [30–32]. At
the same time, it poses challenges to the computational
modelling of metalloprotein folding.
Simulations of metal-coupled protein folding
with multiple models
Due to the above-mentioned features arising from metal
binding, modelling metalloprotein folding is much more
challenging compared to that of metal-less proteins.
Particularly, the multiscale challenge of the metal
induced interactions makes it impractical to fully describe
all aspects of metal-coupled folding with any a single
model. Consequently, very diverse methods, ranging
from QM [21,33] to all-atom molecular dynamics (MD)
[22,34–37] and CG models [17,19,20,23], have been
developed to characterize certain aspects of the protein
folding coupled with metal binding (Figure 1).
QM calculations
Charge transfer, induced polarization, and protonation/
deprotonation essentially involve the motions of elec-
trons. To fully describe such electron degrees of free-
dom requires QM methods. In principle, the density
functional theory (DFT) can be used to tackle all
aspects of the metal-coupled folding if not considering
its computational difficulty. In practice, however, such
delicate methods are mostly used for structure optimi-
zation and energy estimation for small and static bio-
molecules. On the basis of the structural and energyCurrent Opinion in Structural Biology 2015, 30:25–31 information, one may deduce the key steps involved in
the metal-coupled folding. One example is the all-elec-
tron QM calculations of the nucleation structure in the
zinc-induced folding of zinc-finger peptide [21]. Zinc-
fingers represent a wide class of proteins whose folding
depend on metal binding. By combining DFT and
continuum dielectric solvation model, the structures
of zinc finger mimetics with low free energies were
identified and considered as the key nucleation struc-
tures during metal-coupled folding. The QM calcu-
lations suggested a successive metal binding process
and emphasized a crucial role of the backbone groups
in mediating the zinc coordination [21].
Similar DFT calculations have been used to investigate
the most probable metal binding modes of amyloid-b
peptide and octarepeat domain of prion protein
[33,38,39]. For better efficiency, hybrid dynamics simu-
lations combining QM and classical MD have also been
applied to some metalloproteins [40]. Although the
nonadditive effects of metal coordination can be accu-
rately described by such QM calculations, a common
challenge for these methods is to obtain converged
sampling of protein conformational space, which requires
long time simulations and is a prerequisite for accurately
estimating the conformational entropy and energy land-
scape.
All-atom simulations
One solution to the timescale difficulties of QM methods
is to empirically model the quantum chemical details of
metal coordination within classical all-atom level models
which is successful for the folding of small metal-less
proteins [41].
In the literature, several models have been proposed to
describe the coordination bonds within the framework of
all-atom force field, including bonded model [42,43],
nonbonded model [22,24–27,44,45], and dummy cation
model [46]. Among these models, the nonbonded model
is more suitable for the metal-coupled folding problem.
In the nonbonded model, the coordination  bonds are
treated by the electrostatic and van der Waals (vdW)
potentials. Different nonbonded models are featured by
their distinguished strategies to treat the electrostatic
interactions in order to correctly describe the coordina-
tion geometry. One interesting effort is the coordination
model by Sakharov and Lim for zinc proteins, in which a
distance dependent charge transfer model and local
polarization around zinc binding sites were suggested
[24]. With this model, the coordination number and
geometry in the native state of the zinc-fingers can be
well reproduced.
Along the same line, Li et al. extended the nonbonded
coordination model to metal-coupled protein folding
problem by further considering the metal-inducedwww.sciencedirect.com
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Application scopes of different metal-binding models. The QM are often used for structure optimization and energy estimation of metal binding
sites or small protein mimetics; the all-atom nonbonded metal model can be used for metal-coupled folding of small metalloproteins; the CG
model with explicit/implicit metal ions can be used for metal-coupled folding of larger metalloproteins.polarization of the histidine imidazole ring and the depro-
tonation of metal ligands [22]. Applications to the folding
of a classical zinc finger showed great success and
revealed tight coupling between the peptide folding
and zinc binding. The folding of zinc finger follows a
metal binding induced folding mechanism, which is
mediated by the packing of the conserved hydrophobic
residues. They also found that the packing of the hydro-
phobic residues and the coordination of the native ligands
are highly cooperative. Additionally, the simulations
directly showed the misligation and ligand exchange
due to the involvement of zinc ions.
Other efforts to improve the modelling of metal binding
include the SIBFA polarizable force field [29], the
polarizable multipole based electrostatic model [27],
the quantum calibrated force field [25], the multiscale
polarizable model [26], the short-long effective functionswww.sciencedirect.com [28], and the 12-6-4 LJ-type nonbonded model [45],
although the focuses of these works are reproducing the
coordination geometry and modelling the conformational
motions around the native structure instead of investi-
gating the metal-coupled folding problem.
Coarse-grained simulations
Even with the above empirical approximation to the
metal coordination, the description of folding with all-
atom MD was still limited to relatively small proteins. For
larger proteins, CG models, typically with one to six beads
per amino acid, are more appropriate [47]. In particular,
the structure-based models [48], often with additional
considerations of physiochemical properties [17,49–51],
non-native interactions [52,53], realistic chain flexibility
[54], and denaturant effects [55], have been successfully
used in the folding studies of large and topologically
complex proteins.Current Opinion in Structural Biology 2015, 30:25–31
28 Folding and bindingWhen applied to metal-coupled protein folding, these
models have to be modified to include the effects of metal
ions. Two strategies have been used to model the metal
binding. In one strategy, the metal ions are modelled
explicitly [18–20,56]. The strength of coordination be-
tween the central metal ion and the possible ligands are
calibrated to experiments. In addition, the protonation/
deprotonation of titratable ligands and its dependence on
pH values can be modelled by applying a grand canonical
formalism [3,18,19]. Such model can reproduce the
sequential assembly mechanism of cytochrome c
observed in hydrogen exchange experiment [18]. Especi-
ally, this model can well describe the chemical frustration
arising from deprotonation and ligation of nonnative
ligands at alkaline pH condition [18,19], which gives rise
to several intermediates as observed experimentally [23].
More importantly, these studies showed that the mech-
anisms of metalloprotein folding conform to the same
energy landscape principles governing the folding of
metal-less proteins [18,57].
A similar model was also employed to investigate the zinc
binding coupled folding of azurin [20]. By computing the
free energy profiles based on a variational free-energy
functional, Zong et al. showed that the binding of zinc ion
can lead to a shifting transition state, which well
explained the curved chevron plot observed in exper-
iment [20].
Another strategy is the implicit metal binding model
[17]. In this model, the metal ions are considered
implicitly, and the energetic effect of metal binding is
modelled by strengthening the contacting interactions of
metal ligands. The binding/unbinding of the metal ions
were modelled by Monte Carlo simulations. The binding
rate depends on the concentration of metal ions assuming
a diffusion-limited binding process, whereas the metal
dissociation rate depends on the binding energies. Such
implicit ligand binding model was originally used to
model the ligand binding coupled allosteric motions of
proteins [58–60]. Recently, it has been successfully used
to study the folding of a typical allosteric protein, calmo-
dulin [17]. The calmodulin domain has two functional
states, open and closed, depending on the binding of
calcium ions. By integrating with a double-basin energy
function with improved modelling of physicochemical
feature and chain flexibility, computer simulations with
the implicit metal binding model revealed the multiroute
folding pathways, and the shifts of folding mechanisms
with increasing calcium concentrations [17]. In
addition, the simulations demonstrated the folding frus-
trations introduced by the allosteric feature of the energy
landscape. Such a simplified metal binding model suc-
cessfully describes the global changes of energy land-
scape arising from metal binding, though it cannot be
used to describe the details of the coordination reaction
due to the lack of essential degrees of freedom.Current Opinion in Structural Biology 2015, 30:25–31 Interplays between the ‘coordination’
landscape and folding landscape
Through the coordination interactions, the multivalent
metal ions could introduce effective interactions between
the metal ligands, shaping up a coordination landscape.
Considering whether there is a specific metal binding
mode, the coordination landscape could be funnel-like
(with specific binding sites) or rugged (with multiple
competitive binding patterns). Through the interplay
between the coordination landscape and the folding land-
scape (the intrinsic energy landscape), several kinds of
behaviors would emerge. Firstly, for the nonspecific
coordination, the inclusion of the metal ion would
increase the ruggedness of the composite landscape
(Figure 2a). There would be multiple trapped confor-
mations depending on the environment conditions (with
the octarepeat domain of prion protein as the example)
[39]. Differently, the funnel-shaped coordination land-
scape could stabilize a certain region of the composite
energy landscape. Particularly, when there are no stable
structures for the isolated peptide chain, the binding with
the metal ion would shape up a stable folder (Figure 2b),
and the metal ion is obligatory for the successful folding
(with the zinc-finger protein as the example) [22]. When
the folding funnel matches the coordination funnel, the
folded state would be stabilized in a deeper funnel
(Figure 2c), and the folding pathways may be modulated
by the competitions of two kinds of funnels (with the
azurin as the example) [19,20]. On the other hand, when
two kinds of funnels are located at different regions of the
landscape, two-basin funnel structure of the landscape
would be favourite (Figure 2d). In this case, the binding
with a metal ion would induce a large change of the
landscape, and the metal ion acts as a key to switch such
kind of changes (with the calmodulin as the example)
[17]. A similar kind of cooperation/competition of bind-
ing and folding landscapes could be also observed in
dimerization of proteins [61]. In summary, the metal
ions introduce another degree of freedom to tailor the
landscape and produce rich behaviors of proteins, which
offers more opportunities to design proteins with new
dynamics and functions.
Conclusions
The recent development of computer resources and
theoretical tools has greatly extended the scope and depth
of the computational studies of protein folding. Con-
sequently, metal-coupled protein folding, which has long
been a challenging and extensively studied topic in
experimental fields, has become the subjects of compu-
tational studies. In this review, we discussed several
recent works that have developed computational tools
to explore metal-coupled protein folding. These compu-
tational works have already shown great successes in
describing many aspects of metal-coupled protein fold-
ing. However, relative to its abundance and biological
importance, the computational works on metalloproteinwww.sciencedirect.com
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Schematic diagram of the effects of metal binding on the energy landscapes of proteins. (a) Nonspecific binding leads to rugged composite
landscape due to multiple competitive coordination modes; (b) binding creates a funnel on the composite landscape when the coordination
landscape dominates the overall interactions; (c) binding induces a deeper composite landscape when the coordination landscape is consistent
with the folding landscape; and (d) binding reshapes the folding landscape when the coordination landscape matches a metastable state on the
folding funnel.folding are still rare. In the future, developing multiscale
methodologies, which can simultaneously model the
metal-involved local interactions and the global motions
of the polypeptide chain with high accuracy and effi-
ciency, can further extend the computational studies of
metalloprotein folding. In addition, similar methods can
be used to model metal-coupled protein aggregations and
nucleic acid folding [62–65].
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